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Abstract
The adsorption of coronene (C24H12) on the Si(111)-(7×7) surface is stud-
ied using Scanning Tunneling Microscopy (STM). Upon room temperature
submonolayer deposition, we find that the coronene molecules preferentially
adsorb on the unfaulted half of the 7×7 unit cell. Molecules adsorbed on
different sites can be induced to move to the preferential sites by the action
of the tip in repeated image scans. Imaging of the molecules is strongly bias
dependent, and also critically depends on the adsorption site. We analyze the
results in terms of differential bonding strength for the different adsorption
sites and we identify those substrate atoms which participate in the bonding
with the molecule.
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1. Introduction
The adsorption of organic molecules on silicon surfaces is of interest for
the control of their preparation and processing for applications in device
fabrication [1], but also interesting from a fundamental point of view, in
terms of the interaction of the molecules with covalently bonded surface atom
sites. The (7×7) reconstructed silicon (111) surface presents a rich array of
such electronically inequivalent reaction sites, due to the unique electronic
properties of reactive adatoms, rest atoms, and corner holes on the surface
(see Fig. 1(c)), which provide a rich playground for molecular adsorption [2].
Molecules containing aromatic rings are useful model systems in this field.
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Moreover, in view of the recent excitement concerning the unique physical
properties of single layer hexagonally coordinated carbon films (graphene)
[3], ways to establish the preparation of such films on a variety of different
surfaces is an important goal, and coronene deposition may be an useful
pathway to achieve graphene film growth.
Coronene is a planar polycyclic aromatic hydrocarbon (PAH) consisting
of seven peri-fused benzene rings. It is a highly symmetric molecule (D6h
symmetry) with hexagonal shape and a diameter of ∼1 nm (see Fig. 1(d)).
Coronene adsorption has been studied in a variety of substrates with different
results. On metal surfaces, the high density of states at the Fermi level of
the substrate forces the molecules to lie down on the surface. However, the
molecular arrangement is mainly driven by minimization of van der Waals in-
termolecular forces, resulting in densely packed layers. The hexagonal shape
of the molecule favors the formation of hexagonal lattices [4, 5, 6], even when
the substrate has fourfold symmetry such as Cu(100) [7] or twofold symmetry
such as Cu(110) [8] or Ag(110) [9]. This is a clear indication that on metal
surfaces, the intermolecular forces play the most important role in stabilizing
the molecular networks, also favored by the considerable freedom that the
molecules have to diffuse on surfaces with a laterally homogeneous density of
electronic states. On a semiconductor such as Si(001), the surface electron
density is strongly localized in the dangling bonds, and coronene adsorbs
randomly without forming 2D islands. Here the interaction with the surface
is much stronger due to the formation of Si-C covalent bonds [10].
In this work we use scanning tunneling microscopy (STM) to study the
adsorption of submonolayer amounts of coronene on the other famous face of
silicon, namely Si(111). This system was briefly mentioned before in reference
[11] with a negative result, with coronene molecules being destroyed upon ad-
sorption, resulting in a distorted silicon surface as observed in STM. Our re-
sults demonstrate that the coronene molecule adsorbs non-dissociatively and
the 7×7 reconstruction of Si(111) is kept upon adsorption. We discuss the
different adsorption geometries and provide evidence for a specific preferred
adsorption geometry. Despite a much stronger interaction between coronene
and silicon dangling bonds compared to the intermolecular interaction, these
molecules are rather mobile at room temperature. The nature of the bonding
with the substrate is also discussed and we investigate the modification of
the molecular electronic structure upon adsorption, by comparing ab initio
calculated electron densities of the free molecule and the bias−dependent
molecular imaging in STM.
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2. Experimental
The experiments were carried out in an ultra-high vacuum chamber with a
base pressure better than 3×10−10 mbar equipped with a variable-temperature
scanning tunneling microscope (STM-150 Aarhus, SPECS GmbH). The Si(111)
wafer was cleaned in an ultrasonic bath of acetone and subsequently ethanol,
before being inserted in the chamber. The surface was then prepared by di-
rect current heating (flash of 10 seconds at 1100 ◦C), giving rise to a surface
free of defects as checked with STM. All experiments were performed at 300
K and coronene molecules (99%, Aldrich) were deposited from a Knudsen cell
doser that was heated up to 390 K. STM images were acquired in constant
current mode, and the bias voltage in the tunneling junction was applied to
the sample, meaning that occupied states are probed by applying negative
voltages. All STM images shown here were analyzed with WSxM package
[12] and unless otherwise stated, they are neither filtered nor treated, with
the exception of the subtraction of a plane.
3. Results and Discussion
Fig. 1(a) shows an STM image of the Si(111) surface exposed to sub-
monolayer amounts of coronene. Every protrusion in this image corresponds
to a single molecule. At this coverage, coronene adsorbs primarily on the
center of the unfaulted half (UH) of the surface unit cell. The adsorption
strength on the faulted halves (FH) must be marginal as deduced from the
presence of horizontal stripes in the direction of the scan, which are the re-
sult of dragging the molecules with the STM tip. This is apparently much
easier when the molecule is not adsorbed on the UH. Although the molecules
are better imaged when they reside on the UH, a certain diffusion is also
observable since some molecules appear or disappear before the completion
of the scan over its adsorption position (see arrow mark on panel (a) of Fig.
1). Such surface mobility at room temperature, in combination with a weak
intermolecular interaction compared to the substrate interaction, and the
difference in bonding strength among the various reaction sites, permits the
settlement of coronene molecules in the center of the UH sites.
The dragging of coronene molecules with the STM tip has been expe-
rienced before on Si(001) [13], also without destruction of the molecular
structure, even when coronene molecules are chemically bonded to the Si
substrate. On Si(111)-(7×7), a similar phenomenon was observed with C60
molecules [14].
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Figure 1: a) STM image (+2 V, 0.2 nA) of a Si(111) sample with low coverage of coronene
molecules. b) STM image (+2.4 V, 0.1 nA) for slightly higher coverage. Surface unit cells
are highlighted with black lines and a single unit cell is marked in blue. c) A diagram of
the Si(111)-(7×7) surface unit cell and the position of its seven inequivalent reaction sites.
d) Ball model of coronene molecule.
Further deposition of coronene gives rise to a variety of molecular config-
urations, consisting of pairs of molecules in which one of them resides closer
to a corner hole (a yellow circle in Fig. 1(b) highlights one of these pairs). In
spite of the presence of a majority of these clusters, whenever it is possible to
image an isolated molecule, it resides in the center of the UH. The presence
of horizontal stripes resulting from dragged molecules along the scan direc-
tion is again much larger in the FH, revealing that molecules are still highly
mobile if they are not adsorbed on the UH or forming a bimolecular cluster.
At this higher coverage, the adsorption of coronene is naturally limited by
steric hindrance and some molecules are forced to attach to other ones due
to a reduced number of available UH sites.
A few center adatoms of the image in Fig. 1(b) appear as vacancy defects
for this bias voltage, which could be assigned to a third molecular adsorption
state. Although none of the used bias voltages from −2.5 V to +2.5 V
show molecular electronic states on these adsorption positions, it is possible
to observe the silicon center adatoms probing the same area at negative
voltages, confirming that the vacancies are only apparent. Examples of this
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behavior are present in the rest of the figures shown here.
Figure 2: Sequence of three consecutive STM images of the same surface area (180× 120
A˚2) acquired at a constant tunneling current of 0.12 nA and bias voltage of (a) +2.1 V,
(b) −2.1 V and (c) +2.1 V. Note that most of the molecules placed somewhere else than
the center of the UH sites in panel (a), are removed during the scan of panel (b) such that
panel (c) shows a higher molecular ordering.
The bimolecular clusters mentioned above are a form of metastable con-
figuration as demonstrated by the experiment showed in Fig. 2. This figure
is a representative sequence of STM images successively acquired by switch-
ing the bias voltage. The scanned area shown in panel (a) at a bias voltage
of +2.1 V, is again measured at −2.1 V resulting in the STM image of panel
(b). At this particular negative voltage, we note that the molecular clus-
ters are removed while the tip scans from down to up, as can be deduced
from the incomplete imaging of some of them. Those molecules that ap-
pear coupled in pairs in panel (a) of Fig. 2, are now completely removed
or imaged as interrupted features in panel (b). As the tip is passing over
one of these clusters, they are easily split and removed from their original
position, which indicates that they are in a weaker adsorption state. Panel
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(c) of Fig. 2 shows the result of these events. The same area is again imaged
at +2.1 V and practically all the molecules now fall into their preferred sites,
demonstrating that this is the most stable configuration. Similar to the case
of coronene on Si(001) [13], a tip enhanced diffusion like the one described
in here for Si(111), can eventually be used for achieving a higher molecular
ordering in the local scale, which constitutes a very interesting characteristic
of these systems.
The difference in adsorption strength on the inequivalent Si(111) reaction
sites is not surprising taking into account the fact that such sites exhibit large
differences in their ability to transfer charge [15]. In fact, many examples of
site selectivity can be found in the literature since the early STM study
of ammonia on Si(111)-(7×7) [16]. More recently, aromatic hydrocarbons,
although smaller than coronene, have been studied on this surface. Benzene
is known to adsorb preferentially on the FH [17, 18] forming di−σ bonds
to an adatom−rest atom pair [19, 20, 21]. The sticking probability at the
center adatoms is twice that at the corner adatoms, since the latter have one
adjacent rest atom while the former have two. Interestingly, benzene diffusion
is also reported at room temperature [22], and it has been suggested that due
to the highly corrugated potential surface of Si(111), an otherwise nonexisting
diffusion is possible because molecules break their bonds and enter into an
intermediate weaker adsorption state before desorbing or forming bonds on
a new site. Naphtalene does not diffuse but it also exhibits a preference
to adsorb in the FH with the formation of covalent bonds between two C
atoms and an adatom−rest atom pair on the substrate [23]. In a similar
way, tetracene [24] and pentacene [25] also bind predominantly to specific
adatom−rest atom pairs.
In view of the STM images presented until now, a question arises con-
cerning the molecular adsorption configuration. We try here to qualitatively
understand why the coronene molecule sits preferentially in the center of the
UH subunit cell. In Fig. 3(a) and (b) we show two STM images of the
Si(111) unit cell with a coronene molecule adsorbed in its preferred position.
The nominal positions of all adatoms and rest atoms are also marked with
white dots. From panel (a) we learn that the molecule extends to a region
affecting the three center adatoms and the three rest atoms of the UH. In
panel (b), we note that the molecular electronic states do not contribute to
the tunneling signal for +0.8 V bias voltage as will be discussed later, but
here we focus on the fact that the UH center adatoms, which are imaged
as protrusions in the clean surface, are no longer imaged in the presence of
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Figure 3: a) and b) STM images (+1.9 V, 0.1 nA and +0.8 V, 0.2 nA respectively) of a
Si(111) unit cell with a coronene molecule adsorbed in the center of the UH. The white
circles mark the position of all adatoms and rest atoms (see Fig. 1(c) for a detailed
description of the unit cell). c) and d), all possible inequivalent configurations of coronene
molecule being bonded to the 3 unfaulted center adatoms. Every red dot is a carbon atom
and those who form a Si−C bond are marked in blue.
the molecule using this particular bias voltage. This is a clear signal of the
elimination of the dangling bonds induced by the silicon-coronene covalent
bond formation. The unoccupied dangling bond states are filled with elec-
trons from the molecule, and therefore we expect a charge transfer from the
molecule to the surface atoms. From this analysis we deduce that at least
the three center adatoms of the UH are involved in the bonding with the
molecule.
With this information, and assuming that the adsorption is possible due
to the formation of Si-C covalent bonds (like in the case of Si(001) [13]), the
high symmetry of both the substrate and the molecule permits a number of
ways in which the molecule may bind to the UH center adatoms. From all
these possibilities, panels (c) and (d) of Fig. 3 depict only those inequivalent
configurations of coronene molecule being bonded to the three UH center
adatoms at a time. Every red dot is a carbon atom, and those who form a
Si−C bond are marked in blue. We have extracted these two configurations
by comparing the lateral distance between two UH center adatoms and the
distances between every pair of carbon atoms within the coronene molecule.
We consider then all geometries not related by symmetry that leave every
UH center adatom closer than 1 A˚ to at least one carbon atom within the
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coronene molecule. The proximity is assumed to make more likely the in-
teraction between a C atom and a UH center adatom. The arrangements
of Fig. 3(c) and (d) and their symmetry related are the only ones that ac-
count for the formation of three Si−C bonds with the UH center adatoms,
which might be energetically more favorable than having only one or two,
and explain the elimination of the dangling bonds in the experimental STM
images. As in the cases mentioned before of benzene, naphtalene, tetracene
and pentacene, it is also likely that the rest atoms also participate in the
bonding with coronene atoms since they are located near the affected region,
although this fact can not be demonstrated from the STM analysis. We note
also that a coronene molecule might fluctuate between equivalent states (e.g.
configuration of Fig. 3(c) and its mirror equivalent) and thus the experimen-
tal STM images could then result from all equivalent configurations, since
all of them leave the molecule in the center of the UH subunit cell.
The configurations of Fig. 3(c) and (d) can be repeated in slightly the
same way placing the molecule in the center of the FH subunit cell, since the
distance between the FH center adatoms is almost identical to the distance
between the UH ones. Why the system prefers the adsorption on the UH
and not in the FH is obviously related to the difference in the local elec-
tronic structure between both sites and thus a different ability to transfer
charge [15]. A detailed DFT simulation of the entire system (molecule +
substrate) would be necessary to precisely quantify the total energy gain for
both situations.
An important feature deserves to be mentioned concerning Fig. 2(b).
Here, all molecules adsorbed on the preferred UH sites are no longer imaged
for this particular bias voltage, which constitutes evidence for the consider-
able change in the electronic structure of the interface upon adsorption of
the molecule on the center of the UH. In order to further investigate the
bias−dependent imaging of this system, consider the STM pictures in Fig.
4. The same area was scanned at different bias voltages over a wide range
covering positive and negative values, on a surface with a low coverage of
coronene molecules. Apart from the absence of a tunneling signal from the
molecules at negative bias, we note that for positive voltages below ∼ 1 V,
the molecular electronic states are not imaged either, but the three center
adatoms of the UH sites appear as vacancies as explained before. Above
∼ 1.5 V bias voltage, the LUMO electron density begins to be accessible
and the molecules are observed as featureless protrusions. A bias voltage
of 1.8 V must be far below the energy of the LUMO electrons, because no
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Figure 4: Series of constant current STM images taken in the same area for different bias
voltages as indicated, and tunneling current set at values between 0.3 and 0.4 nA. Note
the absence of tunneling signal from the molecules below +1 V. At 0.7 V, the apparent
vacancies are a consequence of the elimination of the corresponding unoccupied dangling
bond states due to the bond with a molecule. Yellow arrows mark the line scan in which
a molecule appear or disappear.
intramolecular structure is still observable. We also note that the molecules
are quite mobile, and as the tip is passing over the center of the UH sites,
they appear or disappear, resulting sometimes in their interrupted imaging
(see yellow arrows), as pointed out already in Fig. 1(a). This diffusion at
room temperature also explains why in Fig. 4 some molecules which are not
present in the image at +0.7 V, suddenly appear in the image at +1.8 V and
viceversa.
The lack of signal from the molecular occupied states in the probed range
(a maximum negative voltage of −3.5 V was used) could be attributed to
the fact that the HOMO energy of the adsorbed molecule with respect to
the Fermi energy of the substrate is still below −3.5 V. Indeed, the ab initio
calculation of the energy levels for the free molecule (see Fig. 5(a)) gives a
HOMO-LUMO gap as large as 8.6 eV. Such a gap would explain why the
HOMO state is not accessible by STM. However, these levels are usually
strongly modified upon adsorption [27], especially for high interacting sys-
tems, and as we already realized from Fig. 2(b), for weaker adsorption states,
the STM is able to access the molecular occupied states.
This behavior is again illustrated in Fig. 5(b) and (c). They show
two STM images acquired in the same area of the Si surface with coronene
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Figure 5: a) Energy level diagram of the free coronene molecule with respect to an arbitrary
0 energy, calculated with Gaussian 03 [26] using the MP2 method. The first two occupied
states (HOMO and HOMO−1) and the first two unoccupied states (LUMO and LUMO+1)
are doubly degenerate, so there are two isosurfaces of the wave function for each level.
Red/blue colors stand for the sign of the molecular orbital wave function. The third
column corresponds to the isosurfaces of the molecular orbital electron density. They are
labeled according to their symmetry operation corresponding to the D6h point group. The
inset shows the ball model of coronene using the same scale. b) and c) Constant current
STM images (0.15 nA) of the same area on a surface with low coverage of coronene, at
+2.2 V and −2.2 V respectively. On the right of each panel, an enlarged view of the
marked area is shown. In order to increase contrast on top of the molecules, the first
derivative along the scan has been added to the topography in the enlarged views.
molecules, for positive and negative bias, respectively. On the right of each
panel, the area marked with a white rectangle is magnified for a better in-
spection, and the first derivative along the scan direction is added to the to-
pography in order to increase contrast on top of the molecules. The molecules
adsorbed in the center of the UH are a majority species and are imaged as
featureless protrusions at +2.2 V (unoccupied states). At −2.2 V (occupied
states), these molecules are not visible, and when diffusion and the tunneling
conditions permit the imaging of a molecule somewhere else (center of the FH
in the magnified area), it has an apparent bigger size and it is possible to ob-
serve intramolecular features [28]. For this molecule, which is meant to be in
a weaker adsorption state, the shape of the protrusion resembles the shape
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of the calculated HOMO electron density for the free molecule. However,
when the molecule is adsorbed in the most stable configuration, the bonding
is strong enough to dramatically modify the electronic structure with respect
to the free molecule, and the HOMO state is no longer accessible within the
probed range in the STM bias voltage. A possible explanation for this phe-
nomenon would be an at least partial transfer of the HOMO electrons of the
free molecule to the substrate upon adsorption. This idea, although only
speculative, is in agreement with the elimination of the unoccupied dangling
bond states, as discussed before for Fig. 3(b). A more quantitative analysis
would be possible using scanning tunneling spectroscopy (STS), for which
lower temperatures are required in order to limit the molecular diffusion ob-
served at room temperature.
4. Conclusions
We have shown that coronene molecule adsorbs molecularly and preferen-
tially on the center of the unfaulted half of the Si(111)-(7×7) unit cell. The
interaction with the STM tip while scanning is enough to drag the molecules
into their preferred adsorption sites. The covalent bond with the surface
involves at least the three UH center adatom dangling bonds, that can only
be possible if the molecule remain in the center of this half due to the shape
and the size of coronene molecule compared to the lateral distance between
reaction sites. The bonding leads to a redistribution of the molecular charge
that induces a considerable modification of the molecular energy levels with
respect to weaker adsorption geometries.
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